ABSTRACT Rates of infection of Amblyomma americanum (L.) by Ehrlichia chaffeensis were compared in 100 ticks collected from sites in each of four states: Indiana, North Carolina, Kentucky, and Mississippi. The overall infection rates were similar among sites, ranging from 1 to 4%. Because pathogenic differences may exist between E. chaffeensis strains, nested polymerase chain reaction (PCR) ampliÞcation of the variable-length PCR target (VLPT), and sequencing of the amplicons were performed to differentiate between strains. The most common infecting strains at all sites exhibited a repeat proÞle of 1,2,3,4 (corresponding to the Arkansas/Jax/Osceola and Liberty strains). To determine whether the minimum infection rates (MIRs) or the most common infecting strain were changing over time in southern Indiana sites, 2,765 ticks from six counties in 2000 and 837 ticks from seven counties in 2004 also were examined in pools of Þve ticks per pool. The MIRs for 2000 and 2004 were 3.5 and 4.2% respectively, suggesting that the overall MIRs remained low. At two sites, in Pike and Harrison counties, however, infection rates more than doubled from 2000 to 2004 (7 to 16% and 0.3 to 2.7% respectively). Across all sites, the most common infecting strains (Arkansas/Jax/Osceola and Liberty) did not signiÞcantly change (68% in 2000; 79% in 2004).
Human monocytic ehrlichiosis (HME) was Þrst described in the United States Ͼ20 yr ago (Maeda et al. 1987) . The etiologic agent of HME, Ehrlichia chaffeensis, is a gram-negative obligate intracellular bacterium (Dawson et al. 1991 , Anderson et al. 1992 , Olano and Walker 2002 transmitted by Amblyomma americanum, the lone star tick (Anderson et al. 1993) . HME is characterized by ßu-like symptoms such as fever, headache, myalgia, thrombocytopenia, anemia, and elevated serum hepatic aminotransferases (Paddock and Childs 2003) . Clinical outcomes range from asymptomatic infections to death. HME is most frequently reported in the mid-and south Atlantic, and central United States (CDC 2008) ; Ͼ800 cases were reported in 2007 and again in 2008 (CDC 2009 ). The geographic pattern of HME closely coincides with the distribution of its primary vector A. americanum (Lockhart et al. 1997b) . A recent study conÞrmed the ubiquitous presence of E. chaffeensis in the eastern and southeastern United States (Mixson et al. 2006) . The white-tailed deer, Odocoileus virginianus Zimmerman, the natural reservoir of E. chaffeensis, is abundantly distributed throughout the tickÕs range (Lockhart et al. 1997a) .
ConÞrmed cases of HME have been diagnosed in 47 states Dumler 1996, Olano and Walker 2002) . In Indiana, during the period 1994 Ð2007, 47 cases were conÞrmed by the Indiana State Department of Health (J. Howell, personal communication) . Nearly all of these cases occurred in residents of southern counties, where A. americanum ticks are most abundant. In previous studies, we reported average minimum infection rates (MIRs) of E. chaffeensis ranging from 1.6 to 4.9% in A. americanum population samples collected in different counties in southern Indiana (Burket et al. 1998 , Steiner et al. 1999 , Irving et al. 2000 . MIRs are calculated on the assumption that at least one of the ticks in the pool was infected. But, because more than one tick in a positive pool may have been infected, the MIR may underestimate the true infection rate. A more recent study reported infection rates of Ϸ3% in three samples of individual adult A. americanum ticks from Indiana (Clay et al. 2008) .
A variety of strains of E. chaffeensis have been described from human patients, ticks, and deer (Chen et al. 1997 , Paddock et al. 1997 , Sumner et al. 1999 , Yabsley et al. 2003 . Determination of the strains was accomplished using the variable-length polymerase chain reaction (PCR) target (VLPT) and 120-kDa antigen genes. The greater number of repeats in the VLPT gene compared with the 120-kDa antigen gene makes the VLPT gene more useful for strain differentiation (Yabsley et al. 2003) . VLPT genes have three to six 90-bp repeat units with 1) single base substitutions at four speciÞc locations, 2) presence or absence of an aspartic acid codon, and 3) presence or absence of a 9-bp deletion. For example, the Arkansas, Jax, and Osceola strains all share the same repeat proÞle (1,2,3,4) and also have an A at position Ϫ69, A at 6, G at 27, and G at 487 (accessions AF121232, AF121234, and AF121233, respectively).
Pathogenic differences between E. chaffeensis strains have been described in immunodeÞcient mice (Miura and Rikihisa 2007) . For example, the order of severity of HME infections from more severe to less severe among three E. chaffeensis strains studied was Wakulla Ͼ Liberty Ͼ Arkansas (Miura and Rikihisa 2007) . Other strains (Arkansas and Jax) cannot be distinguished based on their VLPT sequence proÞles. However, differences in their growth rates in cultured DH82 cells indicate they are unique and may vary in pathogenicity (Paddock et al. 1997) . Because of the potential signiÞcance for human pathogenicity, it is important to determine the relative proportions of the E. chaffeensis strains that may be transmitted by ticks in speciÞc regions of the country.
The goals of this study were to 1) determine the strains of E. chaffeensis present in A. americanum adults collected in southern Indiana, Kentucky, Mississippi, and North Carolina, using PCR ampliÞcation and sequencing of the VLPT gene; 2) compare the overall infection rates of E. chaffeensis in the four states; and 3) determine whether the infection rates in Indiana are changing with time. DNA Extraction and Nested PCR Amplification of the 16S rDNA of E. chaffeensis. Total DNA from pools of Þve ticks collected in 2000 was extracted following a cetyl trimethylammonium bromide method described by Burket et al. 1998 . Total DNA from pools of ticks collected in 2004 and from all of the individually stored ticks was extracted using the DNeasy tissue kit (QIAGEN, Valencia, CA). Extracted DNA was used as a template for nested PCR ampliÞcations of a 389-bp fragment speciÞc for the 16S rDNA of E. chaffeensis as described previously (Dawson et al. 1994 , Steiner et al. 1999 . Primers ECB and ECC were used for the primary reaction and primers HE1 and HE3 were used for the nested reaction (Table 1) . Amplicons were separated through a 1.5% agarose gel in the presence of ethidium bromide and visualized by a UV transilluminator.
Materials and Methods

Collection and Preservation of
Nested PCR Amplification of the VLPT Gene. Samples positive for the E. chaffeensis 16S rDNA were used as templates for nested VLPT ampliÞcation as described previously (Sumner et al. 1999) . The primers (FB5A and FB3A for the primary reaction and FB5C and FB3 for the nested reaction) for the ampliÞcation of the various stains are shown in Table 1 . In the primary reaction, 5 l of the extracted DNA was added to make a 50-l reaction mixture containing 10 mM Tris-HCl, pH 9.0, 50 mM KCl, 0.1% Triton X-100, 200 M each dNTP, 2.5 mM MgCl 2 , 1.25 U of Taq DNA polymerase (Promega, Madison, WI), and 0.6 M of each primer. In the nested reaction, 1 l of the ampliÞed DNA was used. Amplicons were separated through a 1.5% agarose gel in the presence of ethidium bromide and visualized by a UV transilluminator. DNA extracted from individual ticks that were positive for the 16S rDNA (34 ticks) were tested by nested PCR with VLPT primers as described above.
DNA Sequencing. After electrophoresis, PCR products were sliced from the gel and DNA was extracted using a QIAquick gel extraction kit (QIAGEN). The puriÞed DNA samples (all the positives from 2004 and a selection of the positives from 2000) were sent for sequencing to Davis Sequencing (Davis, CA). Sequencing of all the VLPT positives from individuals sample was performed by the Indiana University Mo- (Alschul et al. 1990 ). Sequencing was done with both forward and reverse primers.
Results
Nested PCR for the 16S rDNA of E. chaffeensis. Table 2 VLPT PCR and Amplicon Sequence Analysis. A sample gel with results of the nested ampliÞcation with the VLPT primers for all of the positive pools obtained in the 2004 survey is shown in Fig. 1 . Negative samples were used as controls (note the four lanes containing negative samples). Although multiple amplicons seem to be present in a few lanes (e.g., DV 18) only the strongest band was sequenced due to the limited amount of DNA in the weaker bands. Therefore, the potential remains for multiple infections in a single pool. Table 3 DNA preparations from individual A. americanum ticks positive for the 16S rDNA of E. chaffeensis in 2004 also were ampliÞed with VLPT primers. Contrary to the good agreement between the diagnostic primer sets used on the pools, where we found that all pools positive for 16s rDNA were also positive for the VLPT gene (Tables 2 and 3) , only 16 of 34 individual ticks (47%) identiÞed as harboring E. chaffeensis using the 16S rDNA primers were positive with VLPT primers (Table 4) .
Sequencing of different samples revealed that the amplicons contained three to six repeat units, representing four of the repeat proÞles described by Sumner et al. 1999 (Tables 3 and 4 ). There were low infection rates (IRs) for all counties, with IRs ranging from 1 to 4% (Table 4) . Most of the E. chaffeensisinfected ticks matched the Arkansas/Jax/Osceola sequencing pattern. Only one tick from Crawford County, IN, and one tick from Chatham County, NC, 2, 6, 12, 16, 18, 20, 21, 27, 40, 46, 51 2,4,5,6,9,10,11,12,12,23,30 (negative control) , 34 (negative control) (HR: Hunsaker Road Warrick County); 2,3,4,6,13,14,17 (SR: Sugar Ridge, Pike County).
were infected with strains that exhibited the Wakulla pattern and one tick from Lafayette County, MS, was infected with E. chaffeensis of the West Paces/St Vincent/Sapulpa strain.
Our sequencing results classiÞed most of our samples within the Arkansas/Jax/Osceola group, i.e., 17/38 (45%) of the 2000 pools and 26/33 (75%) of the samples from 2004 pools exhibited the 1,2,3,4 repeat proÞle (Table 3 ). The BLAST values for the positive pools of infected ticks in 2004 were signiÞcant (BLAST score range 750 Ð 840 bits, with E-value equal to zero). The scores for the 2000 samples were lower and Evalues were higher than zero but still sufÞciently low (Ͻ10
Ϫ74
) to classify the samples within this group. The strain 91HE17 (AF121237) with a repeat proÞle of (1,2,3,3,4) was the second most frequent in 2004 with 6/33 (18%) positive. West Paces/St Vincent/ Sapulpa strain exhibiting the 1,2,4 repeat proÞle comprised 1/33 (3%) of the infections for the same year (Score ϭ 660 bits, E ϭ 0.0). These strains have A at position Ϫ69, A at 6, G at 27 and G at 487 (accession numbers AF121235, AF121231, AF121230, respectively). Positive samples with the Wakulla strain (repeat proÞle of 1,2,3,3,4,5) were observed in the 2000 collection (two pools and one pool from Warrick and Perry, respectively) and one tick collected in Chatam Co, NC (Table 4 ). The Liberty strain has the same repeat proÞle as Arkansas/Jax/Osceola strains (1,2,3,4) but G at position Ϫ69 and G at six (AF470693). This strain was observed in Indiana samples from 2000 (three pools from Warrick County, one from Pike County, and four from Perry County). Sumner et al. (1999) described the VLPT gene as useful for E. chaffeensis detection and differentiation of strains. Since then, many studies have attempted to relate different strains to levels of pathogenicity and also to correlate geographic areas with speciÞc strains , Stromdahl et al. 2000 , Yabsley et al. 2003 , Miura and Rikihisa 2007 . In our study, the E. chaffeensis VLPT sequence with the repeat proÞle of 1,2,3,4 (corresponding to Arkansas/Jax/Osceola and Liberty strains) was most commonly found in all the samples tested (65.8% from the positive pools in 2000 and 78.8% from the positive pools in 2004) (Table 3) . However, the Liberty strain has a repeat proÞle like Arkansas/Jax/Osceola (1,2,3,4) but at positions Ϫ69 and six G replaces A. The sequences at these positions could not be determined with the primers used in this study. For future research in this area it would be better to use the hemi-nested assay described by Yabsley et al. 2003 , which ampliÞes a larger sequence fragment of the VLPT gene and should permit better discrimination between strains. Strain 91HE17 was the next most common in the pools from 2004 (18.2% of the positive pools), followed by West Paces/St Vincent/Sapulpa (1%) in the same year.
Discussion
Similar levels of infection (1Ð 4%) were observed in tick populations in the four states (Table 4) , with the repeat proÞle of 1,2,3,4 being most abundant. Some of the pools presented more than one band on PCR gels, which could indicate a tick infected with more than one strain or more than one infected tick in the pool Miura and Rikihisa (2007) were able to correlate the virulence of speciÞc phenotypes of E. chaffeensis to deÞned genome sequences. Such studies emphasize the importance of determining the strains of E. chaffeensis infecting A. americanum in areas of high infestation. Our results indicate that while the more pathogenic Wakulla strain is present at several sites, it is much less common than the less pathogenic strains (Tables 3 and 4 (Burket et al. 1998 , Steiner et al. 1999 , it seems that the E. chaffeensis infection rate has remained relatively low and has not signiÞcantly changed. Two interesting exceptions were the Pike and Harrison County sites where infection rates more than doubled between 2000 and 2004, a situation that necessitates further observation.
Although deer, the reservoir of E. chaffeensis, have been found to be co-infected with multiple strains of the bacterium (Varela-Stokes et al. 2006) , our results indicate that most of the positives ticks (in pool and individuals) were infected with a single strain. Most of the pools examined showed only one amplicon upon electrophoresis, corroborating our previous observations.
In conclusion, we observed widespread, low-level infection rates of E. chaffeensis in A. americanum at each of the sites studied. In Indiana, we did not observe signiÞcant increases in infection rates over the recent past.
